Purpose To examine changes in rates of visual field (VF) progression in patients attending a sample of glaucoma clinics in England between 1999 and 2012. Methods An archive of 473 252 Humphrey VFs recorded across the UK was retrospectively examined. Distribution of rates recorded in the first half of the decade was compared with the second. The relationship between age and severity of MD loss at baseline with rates of loss and frequency of testing was examined. Results VF series from 18 926 eyes were analysed. Median rate of MD loss for the period before and after 2003 was − 0.11 and − 0.06 dB/year, respectively, but the proportion of eyes with medium or fast rates of MD loss remained constant. Median rate of MD loss in older (470 years) eyes was faster than that observed in younger (o60 years) eyes (−0.21 compared with − 0.01 dB/ year). Median rate of loss did not vary with severity of MD loss at baseline. Frequency of testing, typically carried out annually, did not vary by age, rate of loss or disease severity. Conclusions VFs of eyes treated in the first half of the decade deteriorated more rapidly than those in the second half. Several factors might explain these differences but average effects were small and there was no reduction in the proportion of rapidly progressing eyes over the decade. Older age and, to a lesser extent, worse VF damage at diagnosis are indicators for faster VF loss in clinics, but frequency of VF testing was similar for all patients.
Introduction
Rate of visual field (VF) loss determined from a series of examinations in time can be clinically useful in managing a patient with glaucoma. Rates of VF loss vary enormously among patients and can only be determined by observation of individuals. Still, several studies, both prospective and retrospective, have derived estimates of average rate of VF loss in groups of patients. [1] [2] [3] Indeed, knowledge of the distribution of rates of loss in populations as defined by mean deviation (MD) loss per year, where MD is a commonly used metric for assessing severity of VF loss, is clinically useful information. Recent studies, using data from treated patients in routine care, have yielded estimates for median rate of MD loss that vary considerably from − 0.05 to − 0.62 dB/year. 1, 4 Adding to this literature by considering another large cohort of real-world data would be worthwhile. Furthermore, we are unaware of any studies considering how average rates of VF loss may have changed in the same sample of clinics over a significant period of time and this is the main idea explored in this paper.
Routinely collected clinical data can be used to assess real-world outcomes from implementing evidence-based findings from trials. These assessments can be carried out by taking advantage of large data sets collected from electronic patient records, and there are some good recent examples of this type of approach being used in ophthalmology. [5] [6] [7] [8] Automated perimetry has been routinely used in glaucoma clinics for more than 20 years and VF data recorded electronically in many centres can be used to monitor trends in health service delivery of glaucoma. 9, 10 This approach, using large-scale VF data, is adopted in the methodology of this study.
The first decade of the new millennium saw a shift to new topical treatment for glaucoma and ocular hypertension. For example, Owen and colleagues, using data from nearly a half of one million patients registered at 131 general practices across the UK, identified 2003 to be the year that number of prescriptions for prostaglandins overtook beta blocker-only medication. It remains unclear whether the introduction of these treatments impacted on disease progression in patients with glaucoma. 11 This question is immune to a research study, no matter the experimental design. However, we aim to gather some insight by considering large-scale VF data recorded over a 13-year period in order to test the hypothesis that rates of VF loss differed in patients diagnosed before and after 2003. A secondary aim is to describe the distribution of rates of VF loss stratified by age and severity of VF loss at baseline, along with a consideration of how these strata of patients may be followed more or less frequently during follow-up.
Materials and methods
As described elsewhere, 9, 10, 12 Eyes with short follow-up (less than 4 years or less than five examinations) were excluded. The first VF examination in each series were then removed from further analysis to account for perimetric learning effects. [13] [14] [15] Precision of estimating the rate of MD loss (dB/year) using simple linear regression varies enormously by the length of follow-up. 16 We attempted to control for this by only calculating the rate within a fixed 4-year period (window) from the baseline test (see Figure 1 ). Each series had to have at least three examinations within this period. Of course, this does not mean we excluded eyes with longer follow-ups. Yet, this fixed window was important for our comparison of rates across the study period because those diagnosed at the start of the study period would have had much longer follow-ups than those towards the end of the study period. Eyes were excluded if o5 VF examinations or o4 years of follow-up. The first VF in each series was omitted to account for perimetric learning effects. Rate was calculated from linear regression of the baseline VF and the series of exams that fell within a 4-year period after it (white window). So, for example, for series (a) the sixth and seventh recorded VFs fall outside this window and are not used in the calculation. This ensures that all rates are estimated with equivalent precision allowing for comparisons over time. A minimum of three VFs were required to be in this 4-year window. This rate was then assigned to the date of the baseline exam.
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A total of 18 926 eyes met the inclusion and exclusion criteria. These data represent patients in glaucoma clinics who are receiving routine care. Rates of MD loss (dB/year) were recorded and ranked by date of the baseline test. The data were then simply divided into two parts by chronological order. Thus, distribution of the rates of MD loss from baseline examinations in the first (15.01.99 to 16.09.03; n = 9463 eyes) and second (17.09.03 to 05.09.08; n = 9463 eyes) half of the study period could be compared. An eye, or a patient could only appear in one time period.
Furthermore, eyes with rates of MD loss better than 0 dB/year were defined as stable; those with rates between 0 and − 0.5 dB/year were defined as slow rate progressors; those with rates between − 0.5 and − 1.5 dB/ year were defined as medium rate progressors, whereas those with rates worse than − 1.5 dB/year were defined as fast rate progressors. Temporal change in the proportion of patients in these categories was analysed with a conditional density plot; this shows how a categorical variable, in this case stable, slow, medium, and fast progressors, changes over values of a continuous variable (time or estimated date of diagnosis).
Eyes were stratified to determine the relationship between age and severity of MD loss at baseline with rates of VF loss. Eyes were stratified into simple age categories: younger patients (o60 years, n = 6311) and older patients (470 years, n = 6385). All others were considered to be average age patients (n = 6230). Eyes with MDs better than − 6 dB, between − 6 dB and − 12 dB or worse than − 12 dB were categorised as having early (n = 10 920), moderate (n = 3122), or advanced/severe (n = 2063) VF loss, respectively. These values were taken from a widely used criterion for summarising disease stages in glaucoma and are represented within the colour schemes of Figure 1 (mild represented by green, moderate represented by orange, and severe represented by red). 17 A simple metric for the frequency of examination during the 4-year follow-up period was also calculated. Eyes with three, four, or five examinations in this period were defined as receiving approximately 'annual testing'. All others were considered to be having more frequent VF surveillance. The percentage of eyes that had annual testing was then compared across the disease severity and age strata. This metric was also calculated for eyes with progression rates between 0 and 0.5 dB/year, 0.5 and 1.5 dB/year, and worse than 1.5 dB/year being categorised as slow (n = 5849), medium (n = 3774), and fast progressors (n = 1123), respectively.
All statistical analyses were carried out using the opensource programming language, R. 18 
Results
In total, VF series from 18 926 eyes from 13 984 patients were analysed. Median (interquartile range) age, MD at baseline, and number of examinations in the 4-year follow-up were 65.5 (56.7-72.6) years, − 2.8 (−6.6 to − 0.7) dB, and five (four to five), respectively.
The study period. It is noteworthy that the proportion of eyes defined to be medium or fast progressors remains largely the same over the entire study period. Figure 4 illustrates the distribution of progression rates by age and disease severity. Older eyes (470 years) were found to progress considerably faster than younger eyes (o60 years). Median rate of MD loss was similar across disease severity as measured by MD at baseline. However, inspection of the curves fitted to the histogram and the 10th percentile values suggest fewer patients with early VF loss (green) are likely to have rapid progression. At the 10th percentile eyes with mild, moderate, and severe damage progress at rates of − 1.1, − 1.5, and − 1.3 dB/year, respectively.
The percentage of eyes receiving annual VF testing as stratified by age, severity of glaucoma, and rate of MD loss is shown in Figure 5 . These data suggest that surveillance of patients with VF testing does not vary at all by age or stage of disease. More surprising, eyes losing vision quickly still mainly only receive annual VF testing.
Discussion
Rate of VF loss (dB/year) is a straightforward concept. For example, an eye diagnosed with an MD of − 8 dB will take 12 years to reach a level of assumed significant VF impairment (MD of − 20 dB) if they progress at a rate of − 1 dB/year. This is an oversimplification because impactful localised central and binocular VF loss is sometimes not best measured by a single perimetric index like MD. Still, these calculations are clinically useful when managing a patient over time, especially when decisions 4 Our wide-ranging longitudinal data provide new knowledge about how MD rate might be changing over time. Interestingly, the median rate of MD loss was faster in patients diagnosed in the first half of the decade as compared with the second. We speculate that this might be attributed to significant changes in the topical treatment of glaucoma patients and suspects which took place in the first part of that decade. The first randomised placebo-controlled trial to show effectiveness of prostaglandin treatment to preserve the VF has only recently been published, despite widespread use for many years. 19 Owen and colleagues, 20 using extensive GP prescription data, indicated prostaglandins became the dominant first-line glaucoma therapy in the UK in 2003, which conveniently coincides with the time point used to split our longitudinal data. On the other hand, in the absence of other information, the improvement in average MD rates might be attributed to changes in clinical management of cataract or other clinical management guideline changes during the 13-year period. Moreover, as is often the case, average values do not describe the entire distribution of the data. For example, the number of patients who were progressing rapidly did not change ( Figure 3 ) and the 10th percentile of this distribution remained fixed throughout the period of follow-up (Figure 2 ). It would be fair to conclude that for the progression rates that matter most, there was no change over the time period we observed ( Figure 3 ). This historical trend reflects there not being a dramatic change in treatment options for glaucoma, as there has been for other chronic eye diseases. 21, 22 Stratification of the sample by age revealed a clear relationship between the rate of MD loss worsening with older age. Patients over 70 years had considerably worse median rate of loss compared with younger patients. In this case, this large effect was applicable to the entire distribution of data ( Figure 4 ) and this is noteworthy. This finding supports the results from other studies that have reported the same effect [23] [24] [25] and refutes the finding in at least one other study (albeit in patients with untreated normal tension glaucoma only) that there is no association between age and rate of VF progression. 26 The distribution of rate of MD loss also varied by baseline MD as indicated in the difference of the tails of the distribution rather than in the measures of central tendency in Figure 4 . The 10th percentile for the distribution in the rates of loss from those patients with early VF loss indicated that rapid progressors are less likely to come from this group of patients when compared with those with moderate or advanced VF loss at diagnosis. This is revealing because it underlines the reduced risk of visual disability in those patients who are diagnosed in the earlier stages of the disease, not only because they have greater preserved vision to start with but they are, according to our data, less likely to progress rapidly than those patients who are diagnosed at a later stage. [27] [28] [29] It is worth noting that the magnitude of this effect is, however, quite small. Moreover, precision of estimates of MD rates in individual eyes varies with VF damage and this has been established elsewhere. 30 In other words, there is more variability in more damaged VFs, but this will likely not affect comparisons between such large groups of eyes.
A cross-sectional audit study conducted in several centres in England indicated that the large majority of patients have one VF examination per year 31 and this seems true for the patients observed over the period of time in this study. Recent research evidence, reflected in clinical guidelines, has suggested that more frequent VF testing would help to identify rapidly progressing patients and this would have both clinical and potential health economic benefits. 32, 33 At the same time, this would require a shift in resources, clinician opinion, and patient views about automated perimetry. 34, 35 This study clearly shows a worse rate of VF loss was associated with older age and, albeit to a lesser extent, level of VF damage at diagnosis. Yet most patients simply receive the same diet of testing over time ( Figure 5 ). In other words, there was no evidence that patients were stratified to receive more or less frequent examinations given their age, progression rate, or severity of glaucoma. In fact, it looks like there is a trend for patients with more rapid progression to less likely receive more frequent VF testing. There are certainly some interesting research studies that have recommended alternative types of VF follow-up schemes, in particular studies that have examined the clinical and cost-effectiveness of increased monitoring to detect fast progressors, 32,36-38 but these have yet to translate to clinical practice. It would be interesting to consider stratification of VF resources to patients who might benefit more or less from them and this ought to be a question for future prospective studies.
The main problem with the design of this study is the absence of any clinical indicators on the eyes other than the VF results. So, for example, we had no information about exact diagnosis, intraocular pressure, optic nerve head characteristics, individual patient history, or other risk factors. Likewise, we had no information about types of treatment and concomitant eye disease. At the same time, these data represent unselected people in glaucoma clinics who are receiving routine care. Moreover, the sheer size of the data provides interesting insights that might not be uncovered by controlled prospective studies on smaller numbers of people. This study has other notable limitations: it was multicentre but the sampling was not carried out systematically and the data are not particularly current because the extractions were carried out in 2012. Furthermore, HFA reliability indices are used to exclude poorly carried out examinations in clinical practice, but these were not used in this study because many were missing from the original database.
In conclusion, the results from this study suggest that patients in clinics in England, on average, experience a relatively slow rate of VF deterioration. It is important to recognise, however, that a proportion of eyes progress at a rate sufficiently fast that is likely to result in a visual impairment classification within their lifetimes. Furthermore, although this study found that median rates of MD loss appear to be declining, it is of note that this trend was not evident in patients who matter the most; that is, individuals with medium to fast rates of VF loss. Of course, our results refer to a patient population and have little bearing on the management of individuals. Yet, this study illustrates the use of large VF databases to monitor and audit service delivery of glaucoma treatment. Digital records from automated perimetry are amenable to electronic audits and this report seeks to motivate initiatives for glaucoma similar to those put into place for other eye diseases. These data can then be used in combination with health economic techniques in order to investigate potential efficiency gains within the treatment of glaucoma and potentially reduce the burden of visual impairment in the UK.
Summary
What was known before K There is a lack of information regarding rates of glaucomatous visual field progression and how they may be changing over time. Such information is vital in understanding the efficiency of service delivery for glaucoma in the UK.
What this study adds K Average visual field progression rates have only improved marginally over the last decade. The proportion of fast progressors has not reduced. Visual fields of older eyes are, on average, found to progress faster than younger eyes. There is no evidence of patients being stratified to receive more or less frequent visual field examination, given their age, severity of glaucoma, or progression speed.
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